Isolated specimens of right atrial appendage from 138 subjects with atrial disease or dysfunction and from seven subjects with clinically normal atria were examined electrophysiologically by conventional microelectrode techniques. The endocardial surfaces of diseased atrial appendage were found to be characterized primarily by cells with diastolic transmembrane potentials of -56 ± 0.7 (SEM) mV, whereas potentials of normal atria were -74.4 ± 1.0 mV. The response of the hypopolarized cells of diseased atria to K* was radically different from that defined for normally polarized cells of normal atria. The diastolic potential of hypopolarized cells was insensitive to changes in K + concentration in the Tyrode's perfusion solution of between 2 and approximately 12 mM. Between 20 and 50 miu, the cells depolarized 34 mV per 10-fold increase in K + concentration. The K + electrode properties of hypopolarized cells were unaffected by reducing Na + concentration by as much as 50-fold or by varying Ca 1+ concentration from 1 to 5 mM. Acetylcholine hyperpolarized cells of diseased atria to within 5 mV of the mean resting potential for cells of normal atria. Voltage and current clamp studies on a trabecula of diseased atrium indicated that the steady state current-voltage relationship may be different from that described for nonhuman mammalian atria. These data suggest that the K + conductance is not the principal determinant of the diastolic potential of cells in diseased atria, that the K* conductance relative to other significant membrane conductances may be substantially reduced, and that the absolute level of the K + conductance may be reduced in cells of diseased atrium. The functional importance of the hypopolarization to the electrical and mechanical activity of the diseased atrial appendage is explored. Circ Res
THE ELECTROPHYSIOLOGICAL characterization of human heart muscle has lagged behind that of the several models used in the effort to understand the cellular basis of normal and abnormal cardiac electrical activity in man. The first attempts in which microelectrode techniques were used to record from human atria were made by Trautwein and his co-workers (1962) only after extracorporeal techniques for open heart surgery had been developed. Although their work represented a milestone, the first systematic study of clinically normal human atrium (Gelband et al., 1972) did not appear until 10 years later.
Of particular interest in the report by Gelband et al. (1972) as well as in a somewhat earlier report by Prasad (1969) were the qualitative similarities between the electrophysiological character of normal human atria and nonhuman mammalian atria. An intriguing difference was also noted. The diastolic potential of cells in isolated specimens of clinically normal human atrial myocardium was reported to be -83 ± 6 (SDM) mV (Gelband et al., 1972) or -83.2 ± 1.9 (SEM) mV (Prasad, 1969) . However, Prasad (1969) also identified another population of cells, which occurred much less frequently, often beat spontaneously, and had much lower maximum diastolic potentials, e.g., -43.5 ± 0.9 (SEM) mV. Although cells with low diastolic potential occurred only occasionally in normal atria, preliminary evidence from our laboratory (Singer et al., 1967a; Singer and Ten Eick, 1971 ) suggested that cells with abnormally low diastolic potential predominate in isolated specimens of diseased atria (Ten Eick and Singer, 1972; Singer et al., 1973) . This has been confirmed recently by others studying the atria of children with evidence of atrial disease (Hordof et al., 1976) .
If diseased atria of adults as well as those of children are indeed predominantly characterized by partially depolarized cells, this could explain why disorders of atrial electrical and contractile activity are associated with atrial disease. Therefore, we have examined specimens of right atrial appendage VOL. 44, No. 4, APRIL 1979 from 145 subjects from a wide range of ages to determine the extent to which cells characterized by low diastolic potential are found in specimens of diseased atria. Because it is not clear to what extent diseased atria are composed of cells with normal and low diastolic potentials, we characterized normal and diseased atria to define the spatial and frequency distribution of such cells. Finally, to gain insight into possible membrane mechanisms underlying the low levels of diastolic potential, we defined the potassium electrode properties, i.e., the response of the membrane potential to changing the extracellular K + concentration, of the limiting membranes of cells with both normal and reduced levels of diastolic potential. We also defined, using current and voltage clamp, the steady state current-voltage relationship of an atrial trabecula characterized by low diastolic potential.
Methods

A. Tissue Source, Preparation, and Recording Techniques
In accordance with the institutional guidelines for human subject research, specimens of right atrial appendage were obtained from 145 patients between the ages of 4 months and 69 years (23 ± 28 years, mean ± SD) who were undergoing corrective cardiac surgery for a variety of congenital and acquired cardiac lesions. Of the 145, 138 exhibited evidence of atrial disease. The 138 were arbitrarily categorized into five subgroups constituted according to the clinical indications of atrial disease (see Table 1 ). Seven were judged to have no evidence of atrial disease or dysfunction. The administration of cardiac drugs was stopped 72 hours prior to surgery.
Immediately after excision, the specimens were deposited in a Thermos bottle containing modified Tyrode's solution equilibrated with 95% O 2 and 5% C0 2 at room temperature (approximately 20°C) and brought to the laboratory within 30 minutes. The specimens were then transferred to a conventional tissue bath perfused with oxygenated Tyrode's solution maintained at a constant temperature between 35 and 37°C. The Tyrode's solution was equilibrated with 95% O2 and 5% CO2 and was composed of: NaCl, 137 mM; NaHC0 2 , 12 mM; dextrose, 5.5 mM; NaH 2 PO.t, 1.8 mM; MgCl 2 , 0.5 mM; CaCl 2 , 2.7 HIM; KC1, 4 mM; and had a pH of 7.38 ± 0.02 (range). Because specimens usually were thinwalled (less than 1 mm) and trabeculated by atrial muscle bundles less than 0.7 mm in diameter, we used them without attempting to alter their thickness by removing any of the underlying epicardial or myocardial muscle mass. However, any tissue that appeared to be crushed or macerated during excision was resected. The tissue was affixed unstretched to a wax block on the bottom of a 10-ml, Tyrode's-perfused tissue bath. The perfusion rate was 7-10 rnl/rnin. Specimens obtained from the seven subjects with normal (by our exclusionary criteria) atria were termed "normal" for the purposes of this study, and those obtained from the 138 subjects with one or more indications of atrial disease were termed "diseased." After being placed in the tissue bath 119 of the diseased specimens were beating spontaneously. Twenty-six nonspontaneous and 36 spontaneously beating specimens were excitable with applied stimuli and were stimulated by rectangular pulses 1.5-2.0 times threshold, 2-20 msec in duration, 1-100 V in amplitude, isolated from ground, and delivered VI Subjects were characterized as having atrial disease if they presented one or more of the abnormalities defined as groups I-V upon routine electrocardiogram, Holtor monitoring, cardiac catheterixation, chest x-ray, or physical examination. Subjects were considered normal, Le., not having atrial disease, if these diagnostic procedures yielded no evidence of atrial disease. Paroxysmal atrial dysrhythmia included all self-terminating atrial dysrhythmias ranging from occasional isolated and coupled APC's to longer runs of atrial tachyarrhythmiaa. P waves were considered prolonged if they were 100 msec or more in duration, and abnormal if they were not normally configured. Right atrial pressure was considered elevated if it was &5 mm Hg; "n" is the number of subjects qualifying to be part of the indicated group. Some subjects qualified to be included in groups IV and V as well as I, II, or III because they presented more than an electrocardiographk indication of atrial disease. Therefore, the total of all n is greater than the 145 subjects included in this report. The mean diastolic potential (DP) ± the standard deviation from the mean (SDM) is reported in mV. Those groups having DP significantly different from the specified group (Le., P £ 0.05) are indicated in the far right column. Only the normal group (VI) was significantly different from all other groups at a level of significance P s 0.001. Group II was different from group HP-0.05) and IV (P -0.02). No other differences were found. In short, regardless of which of the above criteria was used to determine whether a subject's atrium was diseased, those atria characterixed as diseased were composed of cells with less than normal levels of diastolic potential. Note that 70% (96 of 138) of subjects with diseased atria presented with electrocardiographic evidence of abnormal atrial function.
at a constant rate of between 60 and 90 pulses/min. Transmembrane potentials were detected by glass microelectrodes filled with 3 M KC1 and exhibiting DC resistance of 15-25 M£2 and tip potentials of 5 mV or less. The fluid perfusing the bath was grounded by a large reference electrode filled with 3 M KC1. Both the microelectrode and the reference electrode had Ag-AgCl-3 M KC1 junctions to establish electrical contact between the preparation, the biological solutions, and the recording system. In several experiments, transmembrane potentials were recorded differentially between a microelectrode in the intracellular position and one immediately adjacent in the extracellular position. The diastolic potential was identical (± 3 mV) irrespective of whether membrane potential was obtained differentially or referenced to ground. The signal was passed through conventional cathode followers, displayed on a dual-beam oscilloscope (Tektronix, type 565), and photographed on 35-mm film at selected sweep velocities with a Grass oscilloscope camera. Calibrations for voltage were obtained by introducing a voltage ramp of known amplitude (100 mV) and duration (0.2-1.0 msec) across a 200-£2 resistor placed between the bath and the ground immediately prior to each stimulus. Recordings of transmembrane resting, maximum diastolic, and action potentials were obtained both when the specimen, or portions of it, beat spontaneously and when they were stimulated at selected regular rates.
B. Studies of Diastolic Potential
It was assumed for these studies and for those described in sections C and D (Methods) that it was permissible to treat all diseased specimens as a single group irrespective of the group into which the subjects fell (Table 1 ). This assumption was tested statistically and found reasonable ( Table 1 , legend) with respect to the level of diastolic potential characterizing the diseased specimens.
Estimation of diastolic potential posed problems due to difficulties in achieving satisfactory microelectrode impalements and in their recognition. To decide whether a less than normal diastolic potential was an artifact of poor impalement, a potential due to deformation of the electrode tip or other source, or was, in fact, due to a truly low diastolic potential, we adopted the following criteria for acceptability of data. The level of the intracellular maximum diastolic potential or resting potential of a beating cell (either spontaneous or driven) had to remain stable within ±4 mV for a period of at least 30 seconds after impalement presumably had been achieved. Then, upon withdrawal of the microelectrode from the presumed intracellular position, the recorded potential had to return abruptly to within 4 mV of the original reference potential. In addition, if the elicited action potential had an amplitude and overshoot deemed unreasonable for the level of diastolic potential observed prior to its inscription (e.g., apparent diastolic potential of -80 mV and an amplitude of only 60 mV), it was presumed that the observed diastolic potential was artifactual, and it was not included in the data pool.
Three types of studies involving the measurement of diastolic potential were done. The first was designed to determine the incidence with which atria from our patient population with and without functional evidence of atrial disease were predominantly characterized by cells having diastolic potentials of less than -70 mV. The second was to determine the range of diastolic potential and the geographic distribution of cells with various levels of diastolic potential found within individual specimens of atria. The third was intended to account for any difference in the mean level of diastolic potential observed between normal and diseased atria. That is, do the two cell types (i.e., cells with diastolic potentials of about -83 mV and those with diastolic potentials between -40 and -60 mV) found in normal atria (Prasad, 1969; Gelband et al., 1972) persist in diseased atria with the partially depolarized type predominanting, or are only the partially depolarized cells found?
The endocardial surface of 32 of the 145 specimens was systematically explored with a voltagesensing microelectrode and mapped. With the limitation that not all portions of the specimens could be impaled, both the frequency distribution of cells defined by discrete continuous 4-mV levels of diastolic potential (study 3) and their geographic locations (study 2) were determined. Conventional plots of frequency distribution for the maximum diastolic potentials of spontaneously beating or the resting potentials of nonspontaneous, driven cells were made from data from only 22 of the 32 specimens of diseased atria in which two or more impalements could be made at each of four or more discrete l x l mm 2 sites. The average number of impalements obtained per specimen used for the distribution studies was 17 (SDM = 6). In addition, transmembrane potentials were recorded from cells located at three or more adjacent sites, usually 1 mm or less apart, on a trabecula to determine the magnitude of the differences in diastolic potential occurring from site to nearby site along the length of a fiber. The voltage profile along the length of the fiber was then used to assess the hypothesis that atrial disease increases the magnitude of diastolic potential inhomogeneity that can occur over a 1-mm length of atrial trabecula.
For studies designed to determine the incidence with which cells having diastolic potentials less than -70 mV predominate in diseased atria, the mean level of diastolic potential, the standard errors, and standard deviations were calculated irrespective of how many impalements were obtained in any particular specimen. This was judged to be reasonable because there was no statistically significant difference (P > 0.5) between the values obtained in this way and those obtained by excluding from consideration the 72 specimens for which only three im- VOL.44, No. 4, APRIL 1979 palements or less were possible. The diastolic potentials of the 138 "diseased" atria were compared to those of the seven "normal" atria.
C. K + Electrode Properties of the Cell Membranes
Using the assumptions described in the previous section, we studied nine diseased and two normal specimens to characterize the response of the diastolic potential of cells with low diastolic potential (in K + = 4 mM) to changes in the K + concentration of the Tyrode's solution. In specimens predominantly characterized by cells with low resting or maximum diastolic potential, an area containing partially depolarized cells was located and impaled. The diastolic potential of from three to five cells was determined. If the area was found to be essentially isoelectric, the electrode was left in the last cell examined, and the specimen was then serially exposed to Tyrode's solutions with K + concentrations of 1.8 or 2; 4; 7; 10 or 12; 20; and 40 or 50 mM. Recordings were made after it was determined that diastolic potential had stabilized at its new level following a change in [K + ]. This usually took no more than 8-10 minutes. For technical reasons not all specimens could be exposed to every K + concentration. In seven of the nine experiments the K + concentration was raised simply by adding the required amount of K + as 1.0 M KC1 directly to the Tyrode's reservoir without regard for the osmotic strength or Donnan conditions. This experimental approach was adopted because we wished to compare the responses of our 11 specimens with those obtained by Gelband et al. (1972) using specimens of atrial appendage from children with clinically normal atria. Therefore, we had to mimic exactly their experimental conditions. Also, because we wanted to characterize the responses of the cell membrane to changes in extracellular [K + ], it was desirable to vary significantly only one concentration parameter. Since raising the K + concentration of the extracellular solution to even 50 mM causes only insignificant changes in the intracellular K + activity (Lee and Fozzard, 1975; Fozzard and Lee, 1976) , this is a reasonable approach for characterizing the effect of changing the extracellular K + concentration on the transmembrane diastolic potential.
Similar experiments were done on two specimens of normal atria which were characterized by diastolic potential of -73 ± 8.5 and -77 ± 5 (SDM) mV. Cells with diastolic potentials of -80 and -84 mV were employed. The functions relating the diastolic potential to the logarithm of the K + concentration for two cells from the two normal and nine cells from the nine diseased atria were plotted and compared.
For two of the nine diseased specimens used to determine the response to K + , concentrations greater than 7 mM were achieved by substituting K + for Na + . Thus, ionic strength and Cl~ concen-trations were held essentially constant but without regard to the product of K + and C r extracellular concentrations.
D. Experiments Directed toward Developing a Hypothesis to Explain the Loss of Diastolic Potential
Three types of experiments were done to evaluate the hypothesis that the decrease in the level of diastolic potential found in cells of diseased atria results primarily from reduced K + conductance rather than from other causes such as reduced intracellular K + activity or increased permeability to Na + or Ca 2+ .
Effect of Na*free Tyrode's Solution on Diastolic Potential
In one experiment to characterize the K + electrode properties of cells with low diastolic potential, after K + concentrations of 1.8, 4, 10, 16, 30, and 50 mM had been achieved, the specimen was returned to 4 mM K + Tyrode's solution for 1 hour. It subsequently was exposed to several of the same K + concentrations, using Na + -free solutions in which Tris was substituted for Na + on an equimolar basis and titrated with HC1 to a pH of 7.38. The other constituents of the solution were the same as for the control solutions. The relationships between diastolic potential and K + concentration under normal and Na + -free conditions were plotted and compared.
Effect of Acetylcholine on Diastolic Potential
To obtain a clue as to whether the reduction in diastolic potential might be related to a major shift in the K + equilibrium potential, the maximum potential to which the cells having diastolic potentials of from -40 to -50 mV could be hyperpolarized by acetylcholine (ACh) was measured. To this end, five specimens containing cells with low diastolic potential were exposed to maximally hyperpolarizing concentrations of ACh (1-10 fHA) when the K + of the Tyrode's solution was 4 mM.
Current and Voltage Clamp Experiments
Finally, an anatomically free-running trabecula, 0.3 mm in diameter and 3.0 mm long, from one specimen of diseased atrium characterized by a diastolic potential of -48 mV was placed in a threechambered tissue bath specially designed for applying current and voltage clamp to such tissues across a sucrose gap. The specific details of the method used for this experiment are identical to those employed by Ten Eick et al. (1976) for voltage clamp studies on presumably normal mammalian, nonhuman atrial trabeculae. The method in brief was as follows. In the left chamber, one end of the trabecula was fixed and exposed to a Tyrode's solution in which the NaCl was replaced by KC1. The test end of the trabecula was placed in normal Tyrode's solution containing 4 mM K + and attached to a Statham U-2 force transducer with a short silk ligature and an electrically isolated stainless steel hook. The right end of the trabecula was isolated from the K + -depolarized end by a solution containing 305 mM sucrose and 25 fiM Ca 2+ . After a successful impalement was obtained, the test end was both voltage-and current-clamped. The steady state current-voltage relation was defined. The test end was exposed to 1.0 /IM ACh, and the outward current-voltage relationship was again defined. The current-voltage curves thus obtained were used to evaluate qualitatively whether a preparation characterized by low diastolic potential is different from that previously reported for relatively normally polarized specimens of mammalian atria (Ten Eick et al., 1976) .
The circuit used to apply voltage clamp to myocardium across a single sucrose gap has been described in detail (New and Trautwein, 1972) and shown able to provide a good approximation of the myocardial membrane currents (Reuter and Scholz, 1977) . However, the results to be obtained by applying current and voltage clamps to a human atrial trabecula must be regarded with at least the same level of suspicion reserved for the results of similar studies on other mammalian atrial and ventricular myocardium. The passive membrane properties of myocardium virtually preclude the possibility of achieving a true clamp. Its rather short space constant must cause at least some nonuniformity of membrane voltage or current density along the length and breadth of an atrial fiber even at a time when steady state voltage or current has been achieved. For this experiment the problem of nonuniformity of voltage or current density was minimized by using a very short, very thin unbranched fiber. The length and diameter of the fiber in the test compartment were 0.4 and 0.3 mm, respectively. The clamp was judged adequate to define the steady state current when the current achieved its steady state value with a time course defined by one or more first order exponentials as recently suggested by McDonald and Trautwein (1978) . It should be recognized that this approach to assessing clamp adequacy (as is also true for all other methods) does not really provide evidence that the clamp is adequate. Rather, it can only indicate when the clamp is inadequate. Because length constant is an inverse function of the membrane conductance and therefore can change considerably during periods when large time-dependent transmembrane currents are flowing, such as occurs when the rapidly and slowly activating inward currents are being inscribed, we shall attempt to characterize only the steady state current.
In opting for this approach we have assumed that the steady state current in the diseased human atrial trabecula resembles the steady state current in nonhuman mamalian atria and ventricle in that it can be considered to be composed of two portions: a voltage-dependent, time-independent portion, and a voltage-dependent, time-dependent portion whose time constants of activation and inactivation are long relative to the time required for voltage clamp to be achieved. Given this assumption, the steady state current will not be substantially influenced by short-lived, modest-sized voltage nonuniformity such as must occur in the atrial trabecula. Because of the likelihood of temporary nonuniformity, we have not attempted to define the characteristics of the dynamic current or voltage changes in response to presumed clamps until it has been in force for at least 100 msec. Accordingly, we shall have little to say about the slow inward current or events preceding it, and have operationally defined the steady state current as the current at the end of an 800-msec voltage-clamping pulse. This definition proved adequate because, as will be detailed in Results, the time-dependent component of the outward current was virtually unmeasurable between -90 and -20 mV and still was quite small relative to the time-independent component even at a membrane potential of +20 mV. Thus, although the current at the end of the 800-msec pulse at voltages positive to -20 mV may not be the true steady state current, it is close enough for our purposes.
Statistical comparisons and tests for significance were made by Student's t-test. Comparisons between specimens included in this study and normal specimens from studies by other workers (Prasad, 1969; Gelband et al., 1972) were made on the assumption that the data reported by others were normally distributed.
Results
Diastolic Potential Levels in Cells of Normal and Diseased Atria
The endocardial surface of all seven specimens from subjects determined to have no clinical evidence of atrial disease or dysfunction was predominantly characterized by myocardial cells having diastolic potentials greater than -70 mV. The mean diastolic potential was -74.4 ± 1.0 (SEM) mV. Conversely, only four of 138 specimens from subjects with clinical evidence of atrial disease or dysfunction were predominantly characterized by cells with diastolic potentials in excess of -68 mV. Even including the four well-polarized specimens, the mean diastolic potential of atria clinically characterized as diseased was 56.3 ± 0.7 mV. The difference in diastolic potential between "normal" and "diseased" atria is statistically highly significant (P •« 0.001).
The mean diastolic potential of -74.4 mV obtained for the normal atria available for this study is not statistically different (P > 0.1) from the -80 mV reported by Gelband et al. (1972) for "normal" atria exposed to Tyrode's solution containing 4 mM K + . On the other hand, the average diastolic potential of diseased atria was 18 mV less than that for VOL. 44, No. 4, APRIL 1979 normal. Because no statistically significant differences (P > 0.01) were found between mean diastolic potentials of the atria obtained from the several groups of subjects diagnosed to have atrial disease (Table 1) , all the atria, independent of the group of origin, can be considered the same with respect to diastolic potential. This finding also justifies the general experimental design and the initial assumptions upon which it was based (see Methods) and permits normal atria to be compared to groups composed of several or all 138 diseased atria.
The variability in the level of diastolic potential from impalement site to impalement site in diseased specimens was not significantly different (P > 0.5) from that in normal specimens. The mean of the standard deviations of the average diastolic potentials found in individual specimens of diseased atria was ±5.5 mV (based on findings in 32 specimens in which seven or more impalements were obtained). This compares with ±4.8 mV found in one normal specimen in which seven impalements were obtained and ±6 mV in the 22 normal specimens reported by Gelband et al. (1972) .
Even though the average magnitude of site-tosite variation in average diastolic potential was similar in normal and diseased atria, the difference in the diastolic potentials between cells located at closely (<1 mm) adjacent sites was much greater in diseased atria than in normal. An indication of this can be seen by comparing maps depicting normal ( Fig. 1) and diseased (Fig. 2) atrial specimens. These figures are typical and indicate that, in diseased atria, differences of as much as 20 mV between the diastolic potentials of cells less than 0.5 mm apart were observed. Such large gradients in diastolic x 20 X 1 mm. The dimensions of the portion depicted schematically were 4x6x1 mm. The approximate locations from which the records 1-10 (shown about the periphery of the schematic) were obtained are indicated by the numbers on the schematic diagram. The maximum diastolic potentials in mV of the cells depicted by these records were (beginning with 1 and proceeding in order) : -42, -58, -58, -46, -60, -60, -46, -70, -68, -52 . The voltage, time, and distance calibration bars are at the lower right. potential were not evident in normal atria (Fig. 1) . These maps also demonstrate that well-polarized cells predominated in normal atria, whereas in diseased atria the average diastolic potential was much lower.
Twenty-two specimens of diseased atria for which 10 or more impalements (17 ± 6) could be obtained were used to determine whether the observed diastolic potentials distribute normally about the mean as a single population. A plot of the percent of the diastolic potentials falling within discrete 4-mV increments is shown in Figure 3 . This plot of the frequency distribution is unimodal with a mean of -50.0 mV, a range of 44 mV (from -33 to -77 mV), and a standard deviation of ±9.0 mV. The distribution as depicted in Figure 3 appears normal. This finding indicates that, with respect at least to diastolic potential, the cells with reduced diastolic potential in specimens of diseased atria represent a single but wholly different population of cells from that found in specimens of normal atria. Also, the normality of the data justifies application of normal statistical tests to evaluate the differences in diastolic potential of normal and diseased atrial specimens.
Effect of K + on Diastolic Potential
The results of the two experiments on the two diseased specimens in which the K + concentration was raised from 2 to 20 mM by substituting K + for Na + were virtually identical to those obtained on the seven diseased specimens for which the K + concentration was raised simply by adding KC1 to the Tyrode's reservoir. Therefore, the results obtained on all nine specimens are handled as a single group.
The relationship between the K + concentration of the Tyrode's solution and the diastolic potential of both normal and diseased atrial specimens is shown in Figure 4 . Several qualitative differences between the two curves are apparent. First, the "normal" curve (unfilled symbols) indicates that the diastolic potential of well-polarized cells in normal atria responded to increases in [K + ] by depolarizing approximately -50 mV for a 10-fold increase in [K + ] when the [K + ] was 4 mM or greater. The "diseased" curve (filled symbols), on the other hand, indicates that the diastolic potential of partially depolarized cells in diseased atria did not begin to depolarize in response to increasing K + until the [K + ] was greater than 10 mM. Significant depolarization (P < 0.05) did not occur until the [K + ] was 20 mM or greater. Diseased atrial cells depolarized by approximately 30 mV for a 10-fold change in [K + ]. In essence, the membrane potential of partially depolarized cells in diseased atria was virtually insensitive to changes in the extracellular K + concentration in the range between 2 and 10 mM. When K + concentration was between 10 and 20 mM, the diastolic potential was responsive, but partially depolarized cells were less sensitive to FIGURE 4 The function relating the diastolic potential (ordinate) to the K + concentration of the Tyrode's perfusion fluid (log scale on abscissa) for two well-polarized cells found in two specimens of normal human atrial appendage (unfilled symbols). The same function for partially depolarized cells found in diseased atria is depicted by the filled circles. The function for diseased atrial appendage is plotted as mean ± SEM (shown by the capped vertical bars). Nine specimens of diseased atria were used to generate the mean curve, but not all nine contributed data to each point. The number of specimens contributing data to a specific point is indicated to the lower left of the point. The K* concentrations at which the normal and diseased functions were significantly different are indicated by stars (P < 0.001) and by asterisks (P < 0.05).
increasing extracellular K + than were well-polarized cells found in specimens of normal atria. When Tyrode's K + concentration was in excess of 20 mM, the response of the diastolic potential to change in extracellular K + concentration of diseased atria was indistinguishable from that of normal atria. The differences between the diastolic potentials of cells in normal and diseased atria were highly significant (P < 0.001) at K + concentrations between 2 and 7 mM and significant (P < 0.05) when [K + ] was 10 and 12 mM. No significant differences were found at [K + ] of 20 mM or greater. It is also important to indicate that at all [K + ], there were no differences (P > 0.5) between the values reported here and those reported by Gelband et al. (1972) for the response to K + of well-polarized cells found in specimens of normal atria.
The diastolic potential of partially depolarized VOL. 44, No. 4, APRIL 1979 cells found in diseased atria underwent a statistically insignificant 3 mM hyperpolarization (relative to the diastolic potential observed in 4 mM K + ) when the K + concentration was 7-10 mM. The hyperpolarization, despite its statistical insignificance, occurred in seven of the nine specimens contributing data to Figure 4 and was as large as 8 mV in one specimen. There was no apparent relationship between the level of diastolic potential at 2 or 4 mM K + and the magnitude of the hyperpolarization observed at 7-10 mM K + . This result was obtained both when membrane potential was detected with reference to ground potential and when it was detected differentially between intracellular and close-by extracellular electrodes.
Effects of Na + , Ca 2+ , and ACh; Voltage-and Current-Clamping Results
Response of Diastolic Potential to K + under Na + -Free Conditions
Following characterization of the response of one partially depolarized cell (-40 mV in Tyrode's solution containing 4 mM K + ) to K + concentrations between 1.8 and 50 mM (Fig. 5, circles) , the specimen was returned to Tyrode's solution containing 4 mM K + for 1 hour. It was then exposed to a series of Na + -free Tyrode's solutions containing selected K + concentrations between 1.8 and 180 mM. The results obtained under Na + -free conditions are depicted by the squares in Figure 5 . The response of the diastolic potential to K + when the specimen was exposed to sodium-free solutions was virtually identical to what it had been in the sodium-contain- FIGURE 5 Comparison of the K + electrode characteristics of a partially depolarized cell found in a specimen of diseased atrial appendage during exposure to Na +containing (circles) and Na*free, Trissubstituted Tyrode's (squares) solutions. All data were obtained during a single impalement.
ing solutions. A hyperpolarization occurred at the same K + concentration (12 mM K + in this case). No loss of potential was detected between the K + concentrations of 1.8 to 12 mM, and from 12 to 50 mM the change in potential was approximately 34 mV per 10-fold change in K + concentration. In addition, no transient changes in diastolic potential were observed upon changing from Na + -containing to Na + -free Tyrode's solution when [K + ] was 1.8 mM.
No transient changes in diastolic potential were observed when another partially depolarized diseased atrial specimen (-63 mV) was exposed to sucrose-substituted, Na + -free Tyrode's solution containing 2 mM K + after it had been previously maintained in Na + -containing Tyrode's solution for over 1 hour.
Effect of ACh and Ca 2+ on Diastolic Potential
Five cells having a diastolic potential of -44 ± 2 mV (SEM) found in five specimens of diseased atrium were transiently exposed to 1-10 /IM ACh in 4 mM K + Tyrode's solution. These cells hyperpolarized to -70 ± 2 mV. This is only 5 mV less than the level of diastolic potential of well-polarized cells found in specimens of normal atrium exposed to the same K + concentration. The difference is not statistically significant (P > 0.4). In contrast to ACh, changing the Ca 2+ concentration over the range of 1-5 mM in increments of 1 mM had no effect on diastolic potential at 2, 4, and 7 mM K + in partially depolarized cells found in three specimens of diseased atria.
Results of Current and Voltage Clamp Experiments
Thirty-five specimens of atrial appendage were inspected over a period of 16 months to find a trabecula with an appropriate geometry that might permit it to be placed in a three-chambered tissue bath, with sucrose gap established and current and voltage clamp applied (New and Trautwein, 1972 ). An appropriate trabecula was found on only five occasions, and successful current and voltage clamps were obtained only once. Prior to establishment of the sucrose gap, the cell impaled for voltage observation and control had a diastolic potential of -50 mV; after the sucrose gap had been established, it was -42 mV. The diastolic potentials obtained at four other impalable sites on the portion of the atrial trabecula in the test compartment were between -40 and -44 mV. When a small (0.2-/iA) anodal current of 100-msec duration was injected across the sucrose gap, the membrane potential of all five cells changed by 8 ± 1 mV. Thus it appeared that cells were reasonably well coupled to each other. The intracellular and extracellular transsucrose gap resistances were measured before current and voltage clamping was attempted. The intracellular gap resistance was 25 kfi and the ratio of extracellular-to-intracellular resistance was 14. Thus we were assured that, initially, an adequate sucrose gap had been achieved (New and Trautwein, 1972) .
When the membrane potential was forced by current clamp in increments of 3-5 mV between -90 and +20 mV, neither spontaneous firing occurred nor could regenerative repolarization to a more polarized, stable level of diastolic potential be obtained in response to anodal current. The current-voltage (i-v) relationship defined by this current clamp mode of forcing membrane potential is depicted by the unfilled squares in Figure 6 . The analogous relationship defined by voltage clamp is depicted by the unfilled circles. The relationship, although appearing not qualitatively dissimilar to that which has been described for normal, wellpolarized nonhuman mammalian atria (Ten Eick et al., 1976) , nevertheless exhibited a distinctly different feature. The direction of current flow at the end of the 800-msec voltage clamps, here termed the "steady state" current, in the voltage range for inward rectification (from -60 to -40 mV) was inward (i.e., current flowed into the cells), causing the resting potential to lie near the hypopolarized end of the inward-rectifying voltage range. In normal mammalian atria the current flow was outward in this voltage range, and the resting potential resided at or slightly beyond the hyperpolarized end (Ten Eick et al., 1976) . This difference in location, with respect to the inward-rectifying region, of the resting potentials of normal mammalian atria and partially depolarized human atria has caused the membrane of the partially depolarized human atrium at the resting potential to become a high resistance membrane relative to that of normal mammalian atria at its normal resting potential (Ten Eick et al., 1976) . With regard to the actual current recorded during voltage clamp (Fig. 6 , inset), the human tissue's time-dependent component of the outward current was quite small relative to the magnitude of the instantaneous outward current in the voltage range between -80 and -20 mV, and qualitatively resembled the current described for sheep atrial trabeculae (Ten Eick et al., 1976) .
The effect of 10" 6 M ACh on the current-voltage relationship defined by voltage clamp is depicted by the filled circles in Figure 6 . As expected, ACh increased the slope conductance in the voltage range between -100 and -30 mV and increased steady state membrane current and therefore membrane conductance, but had virtually no effect on the magnitude of the time-dependent portion of the steady state current over the entire voltage range examined. In addition, the potential at which the late current reversed polarity and flowed inward increased from -40 ( Fig. 6, point "a") to -52 mV (Fig. 6, point "b") . Accordingly, after exposure to ACh, the resting potential resided in the more hyperpolarized portion of the inward-rectifying voltage region rather than in the depolarized region as it had prior to ACh exposure. The 12-mV hyperpolarization to -52 mV was substantially less than FIGURE 6 Steady state current-voltage relationship of a partially depolarized trabecula in a specimen (V^st = -42 mV) of diseased right atrial appendage during exposure to conventional Tyrode's solution having 4 mM K + (unfilled symbols) and when 10~* M ACh was added to the solution (filled symbols). Data depicted by circles were obtained during voltage clamp and those depicted by squares were obtained during current clamp. The inset at the upper left shows a representative record obtained during an 800-msec voltage clamp pulse from a holding potential (V/J of -50 mV to a test potential (VJ of -20 mV. The voltage time course is depicted by the upper trace. The middle trace (In) shows the current evoked in response to the voltage pulse. Just after the onset of the voltage pulse to -20 mV, there was a rapid transient (not photographed) due to the rapid inward, capacitative, and background currents. The trace reappeared as a developing inward-directed (downward deflection) current that peaked in less than 20 msec, then decayed during the next 100-150 msec and developed into an outward-directed (upward) current which reached a steady state level in less than 300 msec. The level of the current at 800 msec with respect to zero current was taken as the steady state current for the purpose of generating the i-v relationship. The lower trace (PJ depicts the time course of the "isometric" twitch developed in response to the voltage clamp pulse. The twitch cannot really be considered as having been elicited under truly isometric conditions. The resting muscle length was held constant by fixing the left end and applying enough resting tension to the right end to stretch the muscle to approximately 90% of the length at which maximum twitch tension could be obtained. During the twitch, while the end-to-end length was within 2% of constant, portions of the muscle were seen to shorten slightly at the expense of other portions seen to lengthen slightly. The I bar indicates 20 mV, 1 (iA, and 20 mg for V, I, and P r respectively. The data were obtained at 37 ±0.1° C.
was reported in the preceding section. We were unable to determine whether 1 /XM ACh was maximally hyperpolarizing in this particular preparation. VOL. 44, No. 4, APRIL 1979 However, the intersection of the current-voltage relationships obtained before and after exposure to ACh occurred at approximately -70 mV. If one were to subtract the current-voltage relationship obtained prior to exposure to ACh from that obtained during ACh exposure, the current-voltage relationship for the additional current evoked by ACh could be obtained. This manipulation would give rise to a current having the property of strong inward rectification and a reversal potential at approximately -70 mV. In the frog it has been shown that the current evoked by ACh is carried virtually exclusively by K + (Gamier et al., 1978) . Assuming the same is true for diseased human atrium, because the only potential at which a change in K + conductance will not affect a current carried by K + is the reversal potential for the K + current, we can take this finding to mean that in this instance EK was about -70 mV. Analysis of the tail currents evoked in response to hyperpolarizing pulses after membrane potential was held at -40 mV for 4 seconds supports the hypothesis that E K was about -70 mV.
Discussion
The results of an electrophysiological examination of 138 specimens of atrium obtained from subjects with clinical evidence of atrial disease and or dysfunction have led to the following conclusions. Diseased atria are hypopolarized with respect to normal atria. Therefore, it appears that the conclusions with regard to diastolic potential of Hordof et al. (1976) , derived from data obtained on a population of pediatric subjects with atrial disease, can be generalized to persons with atrial disease irrespective of their age and symptoms (see Table 1 ). The magnitude of the variability of the diastolic potential about the mean is similar in normal and diseased atria. However, the difference in the membrane potentials of closely adjacent cells can be much larger in diseased than in normal atria. The fact that in no case was the average diastolic potential of a normal specimen less than -70 mV, and that in only 4 out of 138 cases was that of a diseased specimen -70 mV or greater, suggests that atrial disease initiates a process that permits a large proportion of the myocardial cells comprising the atrium to depolarize. The report of Gelband and his co-workers (1972) supports this hypothesis. More than 86% of the 22 normal atria in their study were characterized by average diastolic potentials greater than -70 mV.
Since the partial depolarization of the diastolic potential found in diseased atria appears to reflect a disease-caused change in the electrophysiological character of the atria, it is important to consider possible mechanisms underlying the change. We have found that the response to change in the extracellular K + concentration of partially depolarized myocardial cells is qualitatively different from that of normally polarized cells found in normal atria at [K + ] o between 2 and 10-12 mM and quantitatively different between 12 and at least 30 mM [K + ]o. This finding leads us to conclude that, unlike in normal atria, the K + conductance of hypopolarized cells in diseased atria is not the dominant factor controlling diastolic potential. If it were, increasing the K + concentration of the Tyrode's solution from 2.0 to 10 mM should have caused depolarization similar in magnitude to that observed in normally polarized cells in normal atria. If the K + conductance is not the dominant determinant of diastolic potential in the hypopolarized cells, two questions must be asked: why isn't K + conductance dominant, and, if the K + conductance is not dominant, which conductance is?
The possibility that the depolarization of the diastolic potential reflects a steady state inward current component flowing through either the rapid or slow inward channels was explored by modifying the extracellular Na + and Ca 2+ concentrations. Because a change of up to 50-fold in the Na + gradient and a 5-fold change in the Ca 2+ gradient caused absolutely no change in the diastolic potential (either transiently or at equilibrium) or in its response to change in the extracellular K + concentration, a significant depolarizing steady state inward current leak carried by Na + or Ca 2+ must be considered unlikely. This conclusion, although not unreasonable, is open to question because of the simplifying assumptions one must make to interpret such experiments. However, it is supported by findings that neither the rapid channel blocker, tetrodotoxin, nor the slow channel blocker, D-600, significantly affects diastolic potential of partially depolarized cells in diseased human atria (Singer et al., 1977) . It is not at all certain that this conclusion will hold at more hyperpolarized or depolarized levels of diastolic potential at which the steady state conductances of the Na and slow channels are probably quite different. It is conceivable that the event precipitating the depolarization from the normal level of diastolic potential involved leak currents carried by either Na + or Ca 2+ or both. The present lack of response of the depolarized membrane to changes in K + , Na + , or Ca 2+ concentration could result from the reduced diastolic potential acting on the voltage-dependent conductances rather than have bearing on the cause of the depolarization. However, even if this hypothesis were correct, chronically sustained depolarization could only be explained by a less than normal steady state K + conductance or less than normal intracellular K + activity or both.
The experiments with ACh clearly indicate that diastolic potential can be nearly normalized if K + conductance is increased (Ten Eick et al., 1976 ), suggesting that a major reduction in the K + equilibrium potential and therefore in intracellular K + activity is not responsible for the hypopolarization. This conclusion receives additional support from the voltage clamp data obtained in the presence of ACh. The intersection of the i-v relationships before and after the K + conductance was increased by ACh indicates that EK in this instance was about -70 mV. That ACh can increase the K + conductance of the hypopolarized cells, if only modestly in this instance, is indicated by the voltage clamp data shown in Figure 6 . More experiments are required to determine whether the hypopolarized human atrial cells are less responsive than normal cells to ACh. However, at least in this instance the diseased human atrial specimen did not respond to ACh with as large an increase in the outward current as has been previously noted in normal nonhuman mammalian atria (Ten Eick et al., 1976) .
Although the current and voltage clamp data do not explain why the hypopolarized cells found in diseased atria have depolarized, they do suggest that, at least in this instance, a stable diastolic potential of -40 mV was not the result of an "n"shaped steady state current-voltage relationship. Such a relationship, by dipping slightly below the voltage axis, would have created two stable levels of potential in the undamped preparation. One stable resting potential would be in a relatively hypopolarized voltage region. The second, more polarized, stable level would be achieved only if some additional critical amount of outward-directed current were available to drive the membrane toward more negative potentials. The existence of one stable resting potential was confirmed by the failure of strong anodal current clamps either to cause the preparation to change the level at which membrane diastolic potential was stable or to establish another stable level.
Inward-rather than outward-flowing steady state current in the inward-rectifying voltage region may be a significant clue to the mechanism underlying the loss of diastolic potential. It is possible that the normal steady state i-v relationship resides in the outward current zone when membrane potential is in the inward-rectifying region, partly because the Na + pump operating electrogenically contributes outward background current. If the portion of the steady state outward-directed current generated by an electrogenic pump mechanism were reduced by disease, the steady state i-v relationship, particularly in the inward-rectifying voltage region where membrane resistance is high, would translate downward toward or even into the inward current zone. If such an electrogenic pumping mechanism contributed background current to diseased atria, and if the current were carried by Na + , removal of Na + from the medium should have resulted in an initial hyperpolarization of quick onset, assuming that current carried by the inward leak of Na + would be abolished. Because some time would be required for the fiber in Na + -free solution to pump the intracellular Na + concentration down to the steady state level, the background current resulting from electrogenic pumping would disappear gradually, and the fiber would depolarize from the hyperpolarized level. In the steady state, there might be no change in membrane potential as a result of going from Na + -containing to Na + -free conditions. However, some transient changes in membrane potential should be expected even if the steady state leak currents carried by Na + are exactly offset by background current generated by an electrogenic Na + pump. The result obtained under two different Na +free conditions was that neither steady state nor transient changes in diastolic potential occurred. One interpretation of this result is that diseased atrium has neither a significant Na + leak nor background current due to an electrogenic pump mechanism. Isenberg and Trautwein (1974) have suggested that an electrogenic pump may make a substantial contribution to the resting potential. If this is so, one would expect the current ascribable to an electrogenic Na + pump to cause a substantial hyperpolarization when the membrane resistance is high, as appears to be the case in the diseased fiber at its diastolic potential. The i-v relationship depicted in Figure 6 indicates that the addition of very little outward current would be required to hyperpolarize this particular preparation from -40 to -70 mV. If normal atrium has any significant background current generated by electrogenic pumping of Na + (Page and Storm, 1965) , and if the interpretation of the results obtained upon exposing the diseased atrial specimen to Na + -free, Tris-or sucrose-substituted Tyrode's solutions is correct, it is reasonable to suggest that loss of the ability to pump electrogenically may account at least in part for the hypopolarized state of the majority of the cells found in diseased atria. The lack of sensitivity of the diastolic potential to K + would then be an indirect result of the membrane being depolarized to a level at which the outward current component is not affected by K + concentration, as has been described for Purkinje fibers (Dudel et al., 1967) . Insofar as the Cl~ concentration was held essentially constant during these experiments, it is interesting to consider the possibility that the hypopolarized cells might have an altered Cl~ conductance, or transmembrane distribution, or both. However, the experiments reported here do not speak to hypotheses concerning Cl~.
The finding that most isolated specimens of right atrial appendage from patients with atrial disease are characterized predominantly by myocardial cells that are significantly hypopolarized relative to normal may have several important consequences with respect to both the electrical and mechanical activity of diseased human atrium. The role of low resting potential in conduction disturbances is well known (Singer and Ten Eick, 1971; Singer et al, 1967b; Wit et al., 1972) . Therefore, if isolated specimens under tissue bath conditions reflect the in situ condition of the excised portion of the atrium, there is good reason to believe that low levels of diastolic potential and the steep gradients in diastolic potential along the length of fibers may be VOL. 44, No. 4, APRIL 1979 significant factors contributing to the development of the conduction disturbances and dysrhythmias in diseased atria. This hypothesis is supported by the fact that 70% of the patients having clinically evident atrial disease and isolated atria predominantly characterized by cells with reduced diastolic potential presented evidence of abnormal atrial electrical activity in the form of sustained or intermittent dysrhythmias or P wave abnormalities (Table 1) . That one-third of the group was not found to have clinical evidence of abnormal atrial electrical activity does not negate the hypothesis, as it may simply reflect the inadequacy of the routine electrocardiogram for the detection of intermittent dysrhythmias.
During voltage clamp control of the membrane voltage signal prerequisite for the contractile event, the twitch of diseased atrium was quite similar to that observed in both voltage-clamped and freerunning nonhuman mammalian atria (Ten Eick et al., 1976 ) (see Fig. 6 , inset). The twitch of the diseased atrial trabecula elicited by voltage clamp in no way resembled the complicated patterns of contraction associated with the action potentials having bizarre, complicated time courses during the plateau and early repolarization phases reported for regularly stimulated human atrial trabeculae (Sleator and DeGubareff, 1964) . A coordinated atrial contraction depends on a coordinated atrial electrical event to initiate electromechanical coupling. Thus effects of abnormal atrial electrical activity on atrial contraction resulting at least in part from reduced diastolic potential can readily be appreciated. However, reduction in diastolic potential to the voltage range reported here may affect contraction of the atrial appendage by mechanisms independent of and in addition to any effects of abnormal atrial electrical activity. If it is assumed that the regulation of electromechanical coupling is the same in both diseased human atria and normal nonhuman mammalian myocardium, one should expect that the intrinsic contractility of the atrium will be reduced by the effects of hypopolarization on the steady state availability of the ability to develop tension during a muscle twitch, on the rate of recovery of the ability to twitch following its inactivation by a prior twitch, and on the action potential duration because of its relationship with the tension developed during the twitch (Beeler and Reuter, 1970; Trautwein, 1973; Trautwein et al., 1975; Gibbons and Fozzard, 1975) . Normally, these determinants of contractile force are extremely sensitive to change in the diastolic potential when it is polarized less than -50 to -60 mV and relatively insensitive to change when it is greater than -70 mV (Trautwein et al., 1975) . Therefore the local differences in the diastolic potential of normal atria (Fig. 1 ) are expected to have rather little effect on the contractility, whereas local differences of the same magnitude in diastolic potential of the hypopolarized diseased atria (Fig. 2) could cause large local differences in contractility.
The question of how atrial disease modifies the active and passive electrical properties of atrial myocardial cell membranes remains. However, it is tempting to think that many of the abnormalities of atrial electrical and mechanical activity associated with atrial disease might be substantially normalized simply by making a hyperpolarizing intervention that would not coincidentally reduce the action potential duration as does ACh (Ten Eick et al., 1976) .
